Although a few x-ray structures of the KcsA K 1 channel have been crystallized several issues concerning the mechanisms of the ionic permeation and the protonation state of the selectivity filter ionizable side chains are still open. Using a first-principles quantum mechanical/molecular mechanical simulation approach, we have investigated the protonation state of Glu-71 and Asp-80, two important residues located in the vicinity of the selectivity filter. Results from the dynamics show that a proton is shared between the two residues, with a slight preference for Glu-71. The proton is found to exchange on the picosecond timescale, an interesting phenomenon that cannot be observed in classical molecular dynamics. Simulations of different ionic loading states of the filter show that the probability for the proton transfer is correlated with the filter occupancy. In addition, the Glu-71/Asp-80 pair is able to modulate the potential energy profile experienced by a K 1 ion as it translates along the pore axis. These theoretical predictions, along with recent experimental results, suggest that changes of the filter structure could be associated with a shift in the Glu-Asp protonation state, which in turn would influence the ion translocation.
INTRODUCTION
Ionic channels are membrane proteins that regulate a vast range of physiological processes. In particular, they are important in shaping the action potential, and in determining the neuronal excitability and plasticity (1) . A variety of mechanisms regulate the channel gating (i.e., the opening and closing probability), such as transmembrane voltage, ligand binding, mechanical stress, and pH. K 1 selective channels are widely spread in all organisms and have the ability to conduct K 1 ions at near diffusion limit (;10 8 ions s À1 channel À1 ) while remaining very selective toward other monovalent cations like Na 1 (2) . In recent years, three-dimensional structures of ion channels from different organisms solved by x-ray crystallography have shed light on the molecular mechanisms of permeation, selectivity, and gating (3) (4) (5) . Among these channels, the KcsA K 1 channel from Streptomyces lividians turned out to be a specially good candidate for high-resolution x-ray structural measurements under different conditions of permeant cation and ionic concentrations (6) .
The KcsA channel shares sequence and structure similarities with all members of the K 1 channel family. Main features of all K 1 channels, like the conformation of the conserved TVGYG sequence motif that forms the selectivity filter, are therefore well represented by this small bacterial channel. The KcsA K 1 channel is a tetramer. Each subunit contains two transmembrane helices (M1 and M2) with an intervening loop made up of a short helix (P loop). A waterfilled cavity is present at the middle of the membrane. This intracellular vestibule is located at the entrance of the selectivity filter and stabilizes the permeant ions ( Fig. 1) . Two distinct and equivalently populated K 1 loading states of the selectivity filter were detected by x-ray crystallography (7) . Following the notation introduced by Aqvist (8) they are the (1010) state (hereafter referred to as A) and the (0101) state (hereafter referred to as B).
In the KcsA channel, two ionizable residues are located in the vicinity of the filter (Fig. 1, right panel) , Glu-71 and Asp-80. To build an accurate model of ion permeation in KcsA, it is important to determine the protonation state of these residues. Recent 2.0-Å resolution data (1K4C) (5) revealed that the Glu-71 side chain (not determined in the previously reported x-ray structure (3)) is involved in a carboxylcarboxylate linkage with Asp-80, and that the two residues stabilize a water molecule. The buried Glu-71 residue is coordinated to the filter through an H-bond pattern involving amino acids Gly-77, Tyr-78, and Val-76, whereas the Asp-80 residue is located in the outer mouth of the channel on the distal side of the signature sequence. The Asp-80 side chain is accessible to the external solution.
The protonation state of the two residues is an important issue for the theoretical study of ion permeation within the KcsA channel, because it affects the potential energy profile along the selectivity filter (9) . Another key issue concerns the interplay between Glu-71/Asp-80 and the nearby Arg-89 of the neighboring monomer (10) (11) (12) (13) (14) . Although Asp-80 sidechain neutralization severely compromises the KcsA oligomeric stability, Glu-71-Val mutation, does not influence ionic selectivity but alters channel stability and single channel conductance (15) . In addition, recent experimental studies suggest that Glu-71 and Asp-80 residues play a role in the voltage-gating process of the KcsA channel (11, 12, 16, 17) and in the coupling between gating and permeation in the KcsA and KirBac channels (18) (19) (20) .
The exact protonation state of the acid dyad has been the subject of several contradicting theoretical studies (8, 9, 21, 22) , but it remains experimentally unknown. In classical simulations of the KcsA channel, the Glu-71/Asp-80 di-acid pair has been simplified by considering one of the two residues in its protonated form and the other in its deprotonated form. The most common assumption in computational setups has been to consider Glu-71 as protonated, allowing for the deprotonated Asp-80 to interact with both solvent and Arg-89 (23) (24) (25) (26) (27) . In some earlier simulations, the default ionization state at neutral pH was used (i.e., both residues were deprotonated) (28) (29) (30) .
Previous attempts to attribute the protonation state of the Glu-71/Asp-80 residues have been based on classical force fields. However, an important limitation of these studies is that the parameters used for the description of the Glu-Asp di-acid pair were not developed for residues involved in a strong hydrogen bond where polarization effects play a role (31) . This view is supported by ab initio calculations at the HF 6-31G** level showing that the partial charges of the proton and of the neighboring carboxylate oxygens may vary by ;0.05-0.10 unit charges if the two fragments are considered separately or together, respectively (21) .
Nonpolarizable force fields also neglect the influence of the moving ions on the partial charges neighboring the Glu-71/ Asp-80 residues. Yet, small differences in the force field parameterization are sufficient to affect significantly the outcome of pKa calculations based on Poisson-Boltzmann calculations (PB) or molecular dynamics (MD) free energy sampling (MD/FES) (32) . Using PB pKa calculations, Ranatunga et al. found that Glu-71 is more likely to be protonated at pH 7 when no ions are present in the filter. However, protonation of Asp-80 is favored ;1.5-2 kcal/mol if two K 1 ions are present in the selectivity filter. Since it is very likely that at physiological conditions the selectivity filter is occupied by two ions (33) , this study indicated that it is mainly Asp-80 that is protonated. Bernèche and Roux reached a similar conclusion by calculating the ionization free energy of Glu-71 and Asp-80 for 80 configurations extracted from an MD trajectory (21) . The results indicated that Asp-80 protonation is ;2 kcal/mol more stable on average, with large root mean square deviations (RMSD) of 2-3 kcal/mol. Therefore these two studies indicated a possible protonation of Asp-80. However, to the best of our knowledge, this choice was never used in any of the atomistic MD simulations of KcsA. Luzhkov and Aqvist (8, 22) , on the other hand, found that protonation of Glu-71 was more stable on the basis of MD/FEP calculations. Their results indicated that protonation of Asp-80 is less favorable by ;2-3 kcal/mol. In summary, classical studies have suggested that one of the two residues is protonated; however, they are not conclusive in assigning the protonation state.
To address the question about the ionization state of the Glu-71/Asp-80 residues, we have used a quantum mechanical/molecular mechanical (QM/MM) simulation scheme where the two residues and their surroundings are treated by first principle molecular dynamics whereas all the rest of the protein and environment is described at the force-field level. Anticipating our results, we observe that proton transfer occurs between the two di-acid residues on the picosecond timescale. The effect of the environment on the proton hopping has been investigated. In addition, we show that the protonation state influences significantly the K 1 ion stabilization energy in the filter.
METHODS

Structural models
Our simulation systems are based on the x-ray structure of Zhou et al. (5) (Protein Data Bank (PDB) entry 1K4C). The crystal structure was immersed in a preequilibrated water-octane (73.6 3 73 373 Å ) box. This approach supplies a stable hydrophilic-hydrophobic liquid interface quickly adaptable to the protein and has been successfully applied previously to transmembrane channel models (34) and to KcsA (13, 35) . Following the latter works, the water-hydrocarbon interface is located between Trp-87 and Thr-85 (extracellular side) and between Trp-113 and Arg-117 (intracellular side). This choice, suggested by Doyle et al. (3) , is in good agreement with electron paramagnetic resonance data (36) . Four Na 1 ions and 18 Cl À ions were added, which corresponds to a ionic strength of ;50 mM.
FIGURE 1 Snapshot from the simulation. (Left panel)
Schematic diagram of the simulated system. Two channel subunits are shown as cartoon, K 1 ions as spheres, bulk and cavity water molecules as sticks. The region indicated by the arrow is immersed in n-octane (not shown). (Right panel) Details of the selectivity filter. The residues Glu-71/ Asp-80 are in the vicinity of the selectivity filter fingerprint. The location of the K 1 binding site (S 1 -S 4 ) inside the selectivity filter is indicated. Two distinct loading states of the filter were investigated in the simulations: (A) ions in S 1 , S 3 , water in S 2 , S 4; and (B) ions in S 1 , S 4 , water in S 1 , S 3 .
Simulation systems
Starting from the structural model described above we built up different simulation systems including classical and QM/MM systems. We have treated the Asp/Glu pair and the most relevant nearest residues at the quantum level whereas all the rest of the protein, membrane environment, and water solution have been treated at force-field level. In particular, the quantum system was composed by the Glu-71 and the Asp-80 side chains, and the crystallographic water molecules. According to the K 1 ions loading state and to the proton location on the Asp-Glu dyad, different simulation systems were set up: A), Selectivity filter loading state (1010), namely with ions put in S 1 , S 3 and water molecules in S 2 and S 4 (see Fig. 1 ); B), selectivity filter loading state (0101), namely ions are put in S 2 , S 4 and water molecules in S 1 , S 3 ; and C), Gas phase system. This system includes in addition to the Asp-Gly dyad, the backbone of amino acids Gly-77, Tyr-78, Gly-79, Leu-81, the crystallographic water, and a potassium ion in the S 1 or S 2 crystallographic position. Hydrogen capping was used to close the open valences.
Classical MD simulations
Energy minimization of the fully solvated protein was carried out followed by a 0.1-ns equilibration period where the protein backbone and the cation positions were restrained. After this, MD simulations were performed in the NVT ensemble for 0.5 ns. Berendsen thermostat was used at 100 K, with a time constant for heat bath coupling of 1 ps. The simulations were performed at 100 K, the experimental temperature for the determination of the crystal structure 1K4C, in an attempt to assign the protonation state of the high resolution x-ray structure of KcsA (5) . In addition, simulations at physiological temperature (310 K) were carried out. The following cutoffs were used for long-range interaction: 10 Å for van der Waals interactions and 12 Å for the real space part of the electrostatic interactions. Periodic boundary conditions were applied and electrostatic interactions were calculated with the particle mesh Ewald summation method (37) . All the classical MD simulations were carried out using the AMBER 7.0 suite of programs (38) . (42), using the local density approximation with BLYP gradient corrections (43, 44) . The core-valence electron interactions were described using Martins and Trouiller pseudopotentials (45) . The Kohn-Sham orbitals were expanded in a plane wave basis setup to a cutoff of 70 Ry. The electronic wave functions were optimized up to a maximal change in the Kohn-Sham energy lower than 0.0006 kcal/mol. The time step for the dynamics was 0.097 fs and the fictitious electron mass was chosen to be 600 a.u. The size of the orthorhombic QM box was 11.7 3 10.6 3 16.4 Å . A Nosé-Hoover thermostat was used with a coupling frequency of 1200 cm À1 to maintain a constant temperature. In total, six QM/MM simulations were performed. Two simulations were carried out for 2 ps on: I), A_GLUH and II), A_ASPH, at 100 K. Two longer simulations were carried out on A and B, at 100 K, each lasting 12 ps. In addition, two 6-ps simulations were performed on A and B at physiological temperature (310 K).
QM/MM simulations
Gas phase optimizations
Single point energy calculations and geometry optimizations on cluster models of the Glu-71 and Asp-80 residues were performed, using the Gaussian03 package (46) , at the BLYP level of theory with the 6-31G* basis set.
Electrostatic potential analysis
The electrostatic potential was calculated by first principles QM/MM methods on the x-ray structure of Zhou et al. (5) (PDB entry 1K4C). The QM box contained a total of 160 atoms, which included the conserved amino acids of the TVGYG sequence of the four identical subunits of the KcsA channel. The size of the orthorhombic QM box was 15 3 15 3 30 Å . The two K 1 ions and the two water molecules inside the selectivity filter were removed. The electrostatic potential was computed twice: once with all four Glu-71 and once with all four Asp-80 protonated.
RESULTS
In the following sections, the potential energy surface of the proton transfer reaction between Glu-71 and Asp-80 is explored and the stabilizing role of the environment is discussed. Next, the impact of the proton transfer on the ion stabilization energy inside the filter is investigated.
Ionization state in the x-ray structure
Which residue is protonated in the Glu-71/Asp-80 di-acid pair? To answer this question, two QM/MM simulations starting from model A and B at the crystal temperature of 100 K were carried out. Three to five proton exchanges were observed during the course of the simulations (12 ps). In Table 1 , the agreement between the simulated structure and the x-ray data is reported for representative distances of the network of H-bonds that connect the filter to Glu-71 and to Asp-80. We find that when a constraint is applied to the O-H bond to fix the protonation state, the average deviation from the x-ray structure is larger. Indeed, the agreement between experimental and simulated structures is maximized by allowing the proton to swap. The agreement with the experimental data was further increased by extending the sampling to both ion occupation of the filter (A and B), for 12 ps each, and then attributing an equal weights to the two. In this case, an average RMSD of 0.48 Å was obtained for the selected distances. The most common assumption found in the literature is to consider the Glu-71 as protonated while the four Asp-80s are chosen as deprotonated. This assumption was tested here in classical and in QM/MM simulations. Indeed, simulations in which a constraint on the O-H bond was applied to maintain Glu-71 protonated showed better results than the fixed protonation of Asp-80. Protonation of Asp-80 produced a mean deviation of 1 Å for the selected distances of the H-bond network in the QM/MM simulations. A similar result was found in the classical simulations where A_GLUH better reproduced the structural data. In particular, the salt bridge linking Asp-80 with Arg-89 was not maintained in A_ASPH. To summarize, we find that the protonation of Glu-71 is able to better reproduce the crystallographic data (PDB entry 1K4C) (5) in MD simulations (Table 1 ). However, the best agreement occurs when the proton is allowed to exchange between Glu-71 and Asp-80. This phenomenon cannot be observed in force-field-based simulations. To extend our study of the Glu/Asp di-acid pair to physiological temper-atures, two 6-ps QM/MM simulations were performed at 310 K. The difference in free energy between the two protonation states was similar to the same quantity obtained at 100 K, and the proton transfer events were observed. The average O:Asp-O:Glu distance was slightly increased from 2.58 Å , at 100 K, to 2.64 Å .
Influence of the environment
Close inspection of the QM/MM trajectories indicates possible environmental factors that could influence proton transfer probability. In the deprotonated state, Asp-80 is able to from a salt bridge with Arg-89. This salt bridge is present in crystal structures of KcsA and is believed to be critical to stabilize the channel architecture (13, 15) . Additional stabilizations of the charged Asp-80 come from the N-H backbone dipoles of Asp-80 and Gly-81. On the other hand, different factors favor a transfer of the proton to Asp-80. They are: i), the orientation of the buried water molecule, which is able to rotate its dipole moment by ;90°to accommodate the proton transfer; and ii), the favorable interactions between ions in the selectivity filter and the deprotonated Glu-71 side chains. The latter two effects will be discussed in the next subsections. WAT is coordinated to Glu-71 (in QM/MM) as opposed to Asp-80 (in the classical simulation). The dipole moment of the water points toward the intracore side of the selectivity filter allowing the Tyr-78 carbonyls to become more flexible and solvent exposed. A different pattern is seen in the QM/MM simulation where the water molecule is bonded to Glu-71 and Asp-80 N-H, orienting its dipole toward the extracellular side and stabilizing the Tyr-78 ring.
The role of the crystallographic water molecule
The crystallographic water (WAT) molecule in the vicinity of the Glu-71/Asp-80 residues was not resolved in the first x-ray structure of KcsA (1bl8) at 3.2-Å resolution (3). In the more recent 2.0-Å resolution structure, only the position of the water oxygen is known since protons are not detectable at this resolution. Inspection of the H-bond network around WAT suggests that it interacts with the two H-bond donors, Gly-79 and Asp-80. However, at least three different orientations of the crystallographic water molecule are possible, since residues Leu-81, Glu-71, and Asp-80 are all potential H-bond acceptors (Fig. 2 A) . In the QM/MM simulations, WAT is found to be preferably coordinated to the Glu-71 side chain and to the carbonyl group of Leu-81 ( Fig. 2 D) . The coordination with Glu-71 was maintained throughout the 12 ps of the simulations A and B (Fig. 2 B) . On the other hand, a different bonding pattern was observed in the classical simulations ( Fig. 2 B) , where WAT remained coordinated to Leu-81 but formed an H-bond with Asp-80 instead of Glu-71. In QM/MM trajectories, the WAT coordination was unstable when bound to Asp-80 in the initial frame. The discrepancy between the classical and the QM/MM bond pattern originates presumably from the fact that the forcefield parameters display a higher charge on the Asp-80 oxygen as compared to the Glu-71. Thus, for this system, it appears that the force field overestimates the charge on Asp-80. Indeed, the charges on the aspartic acid were not optimized for a di-acid bridge (31) . This charge discrepancy has a consequence for the water orientation, which is bound to the selectivity filter at the position of the Tyr-78 carbonyls. Inaccuracies in the force field in describing the Glu-71/Asp-80 residues and the buried water binding have direct consequences on the classical simulations. In classical simulations of the filter in the A state, we observed deviations from the x-ray structure in the position of the K 1 ion in the S 1 binding site that can be at least partly attributed to the inaccurate description of the buried Asp/Glu di-acid pair by the force field.
The importance of the WAT orientation and mobility in relation to the proton exchange process is revealed by the QM/ MM simulations. During simulation B, proton transfers were observed after 2, 6, and 10 ps. Inspection of the trajectory reveals that proton transfers coincide with the return of WAT to its initial position, suggesting that a favorable orientation of the WAT dipole is necessary to lower the energy barrier for the proton transfer. WAT is rather mobile as can be seen from the average displacement of the residues Glu-71, Asp-80, and WAT during the simulations (Fig. 3) .
Influence of the filter occupancy state
Due to the close proximity of the Glu-71 residues to the S 2 binding site (6.5-7.5 Å ), it is important to determine whether the presence of ions inside the selectivity filter will influence the protonation state and vice versa. Based on PB pKa calculations, Ranatunga et al. proposed that the Glu-71/Asp-80 ionization state shows very strong dependence on the presence of K 1 ions (9). In particular, in the absence of ions in the filter, Glu-71 was predicted to be protonated. When ions were present in the selectivity filter, protonation of Asp-80 was stabilized over Glu-71 protonation by 1.5-2 kcal/ mol. Because, under physiological conditions, the filter is occupied by two ions switching from the 1010 to the 0101 configuration (see Fig. 1) (7,22) , it is important to decide whether the positions of these ions in the selectivity filter will influence the protonation state probability. To evaluate these effects we made a comparison between two QM/MM simulations performed on two structural models A and B only differing by the K 1 ion positions in the selectivity filter (A and B) .
The results of these simulations show that the probability for each protonation state is indeed influenced by the filling state of the selectivity filter. We found that Asp-80 protonation is unlikely in state A, when the S 2 binding site is occupied by a water molecule. However, in configuration B, the proton was located on Asp-80 during .30% of the simulation time (Fig. 4) . A probability histogram of the proton position at a given distance from Asp-80:O is shown for the two states of the filter (Fig. 4, right panel) . The maximum of the probability function occurs at a H to Asp-80:O distance of 1.52 and 1.48 Å for state A and B, respectively, providing further indication that the instability of the Glu-71 protonation is increased in state B. The free energy profile along the O-H-O coordinate was derived from the logarithm of the proton position probability function. In the (0101) state (i.e., B), the energy of both protonation states was roughly equal. On the other hand, in the (1010) conformation A, protonation of Glu-71 was favored by 0.5-1.5 kcal/mol. This result is reproduced by cluster calculations at the DFT/BLYP and B3LYP level of theory (Fig. 5 ). The energy profiles along the O-H-O coordinate calculated with the BLYP and B3LYP functionals are in good agreement with the QM/MM simulations. Interestingly, a similar low activation energy is observed for the proton transfer in dibenzoic acid (47) . In that case, proton tunneling effects were found to dominate the reaction rate at low temperature. Although the current methodology describes the hydrogen nucleus classically, it is expected to be accurate at physiological temperature, where thermal fluctuations dominate the reaction rate.
In summary, the QM/MM simulations of two different occupancy states of the filter (A and B) suggest that the stability of the protonated Asp-80 residues depends mainly on the occupancy of the S 2 binding site. An ion present at the outer mouth, on the other hand, would have an opposite effect. Using a simple Coulomb Law (with e ¼ 2 for the protein, and e ¼ 78.4 for water), we estimate that an ion in S 0 would stabilize the Glu-71 protonation state versus the protonation of Asp-80 by ;0.5 kcal/mol.
Electrostatic energies inside the filter
KcsA is a tetramer and therefore four concerted proton transfers can occur as a response to the entrance of an ion in the S 2 binding site. In Fig. 6 A, we show the influence of the four transfers on the electrostatic potential inside the channel. Upon proton transfer from Glu-71 to Asp-80, the potential becomes significantly more negative at the outer-mouth near the S 0 binding site (7-8 kcal/mol) (Fig. 6, A and C) . In addition, after the transfer, the electronic density on the Gly-76 and Tyr-77 backbone atoms of the filter is polarized (Fig. 6 B) and the H-bond between Glu-71 and the N-H group of Tyr-78 becomes stronger. This polarization of the electronic density on the Gly-76 and Tyr-77 residues is similar in magnitude to the direct metal ion induced polarization (48, 49) .
DISCUSSION
Biological role of the di-acid bridge
The electrostatic energy shows the influence of the proton transfer on the ion stabilization along the permeation pathway. Several mechanisms may be influenced by changes in the proton transfer probability, for instance: i), the stabilization of low and high affinity conformations of the selectivity filter (50) (51) (52) ; ii), the voltage dependence of the channel gating (16, 17) ; and iii), the energetical coupling between external and internal ions, known as the ''trans-knock effect'' (53) (54) (55) (56) .
Since ion currents can be recorded directly in single channel experiments, the K 1 channel offers a unique opportunity to test theoretical predictions by direct measurements of the ion conduction. Several functional studies have been carried out on K 1 channels: measurements on KcsA, MthK, KvAP, and KirBac (16, (57) (58) (59) (60) have provided a vast amount of experimental data. In the context of an investigation of the Asp/Glu di-acid protonation state in KcsA, a recent functional study on the Glu-71-Val mutant (15) is particularly interesting. The tetrameric conformation was retained in the mutant, and important properties such as electrical activity and K 1 /Na 1 selectivity were unaltered when reconstituted into planar lipid bilayers. Interestingly, inward conductance was increased in the mutant. The author suggested that, due to the disruption of the carboxyl-carboxylate bond in the Glu-71-Val mutant, the Asp-80 side chain may no longer be stabilized in the protein core and its influence would become pronounced at the outer surface. The absolute changes in rate constants found in this study reflect small changes in free energy of ;2 kcal/mol. In addition, the recordings of inward currents through wild-type KcsA were noisy, suggesting that the channel is undergoing a very rapid gating that is not completely resolved by the recordings (51) . Currents through the main conductance state of the Glu-71-Val channel are found to be less noisy (15) . Instead, the noise recorder in the experiment may indicate that the protonation state in wildtype KcsA is modified by the different subconductance state of the filter (millisecond timescale). This mechanism could play a role in modulating inward currents in the selectivity filter. The influence of the charged Asp-80 on K 1 ions at the outer mouth of the channel is already well established experimentally (61, 62) . In the BKCa channel, for instance, the substitution of the aspartic acid with a neutral residue led to outward conductance reduced by only 40%. The inward conductance, on the other hand, was reduced to a much greater extent.
In summary, both experimental and theoretical predictions suggest that the Glu-71 to Asp-80 proton transfer mechanism is likely to assist the primordial function of the KcsA channel, which is the regulation of ion homeostasis (63) . Although the Glu-71/Asp-80 di-acid bridge is not conserved in eukaryotic K 1 channels (64), sequence alignment studies indicate that the negatively charged amino acids that surround the selectivity filter are generally conserved within K 1 channels families. Glu-71 is conserved in inward-rectifier channels (Kir) that have the ability to conduct currents in the inward direction and is involved in a salt bridge with an arginine residue (65) . Asp-80 is conserved in voltagegated Kv channels and involved in an H-bond with Trp-67 (4, 66, 67) . The role played by negatively charged residues in the vicinity of the conductive pore in these channels remains to be understood.
CONCLUSIONS
QM/MM simulations were performed with the aim to assign the protonation state of the Glu-71 and Asp-80 residues in the KcsA channel x-ray structure. Calculations indicate that the protonation of Glu-71 is slightly favored over the protonation of Asp-80 but that the proton is exchanging between its two acceptors on the picosecond timescale, suggesting that a force field description of these interactions may lack the correct energetics. Analyzing the effect of the surrounding environment on the protonation state, an important aspect of the Asp/Glu motif has been identified, namely the dependence of the protonation state of the dyad on the position of the K 1 ions inside the selectivity filter. The interplay between the ionic binding sites and the location of the protons also implies that the energy profile for ion permeation in KcsA is influenced by the protonation state. The impact of these reciprocal effects on cations moving trough the selectivity filter is largest at the outer mouth (DE ¼ ;8 kcal/mol). It may suggest that the channel uses this mechanism to regulate the affinity for external channel blockers or to slow down inward currents. Inspection of the QM/MM MD trajectories revealed that also the salt bridge between Asp-80 and Arg-89 influences the proton transfer probability. Thus, the mechanical response of the channel structure at distances as large as 10-20 Å from the ions in the selectivity filter could be coupled to ion translocation and to channel blocker binding. KcsA and KirBac channels may have evolved to make use of these reciprocal effects of the Glu/Asp protonation states on ion permeation energetics to assist their primordial function as regulators of ion homeostasis (63) . The different tasks accomplished by eukaryotic channels, such as neural signaling, generation of the cardiac rhythm, signal transduction, and target cell lysis (68), coincide with the fact that the Asp/Glu motif is not generally conserved in these channels. Ultimately, understanding how negatively charged residues in the vicinity of conductive pores affect the ionic currents might lead to the design of new drugs that target channels with very high specificity (69) .
